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Differential Effects of C- and N-Terminal Substance P Metabolites on 
the Release of Amino Acid Neurotransmitters from the Spinal Cord: 
Potential Role in Nociception 
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Extensive evidence implicates Substance P [SP(l-1 I)] as 
a primary afferent neurotransmitter or modulator of noci- 
ceptive information, and there is increasing evidence that 
the excitatory amino acids aspartate (Asp) and glutamate 
(Glu) may also act as nociceptive neurotransmitters. We have 
previously demonstrated that nociceptive stimulation (meta- 
tarsal injection of formalin) caused a tetrodotoxin (TTX)- 
sensitive release of Asp and a TTX-insensitive release of 
Glu from the dorsal spinal cord. We have also shown release 
of Asp and Glu following the direct infusion of SP(l-1 l), 
suggesting that formalin-induced Asp or Glu changes could 
be secondary to an initial release of SP( l-l 1). In contrast 
to nociception, pretreatment with TTX, reported here, had 
no effect on the SP(l-1 l)-induced release of Asp, sug- 
gesting a presynaptic mechanism. Behavioral experiments, 
in both our laboratory, and others, now suggest that the 
N-terminal products of SP metabolism play a distinct role in 
the modulation of SP(l-11) nociception, possibly through an 
interaction with an opiate receptor. To test the hypothesis 
that N- and C-terminal fragments of SP produce opposite 
effects on biochemical events potentially involved in noci- 
ception, we compared the effects of infusion of the N-ter- 
minal metabolite SP( l-7) and the C-terminal metabolite SP(5 
11) on changes in the ECF concentration of amino acids in 
the spinal cord as a measure of their apparent release, using 
microdialysis. lntradiaylsate infusion of SP(5-11) increased 
the release of Asp, Glu, asparagine (Asn), glycine (Gly), and 
taurine (Tau). The changes in Asp, Glu, and Tau were similar 
in direction and magnitude to changes produced by SP(l- 
11) or formalin injection, further supporting the hypothesis 
that the C-terminal is responsible for the nociceptive effects 
of SP( I- 11). In contrast, infusion of SP( l-7) significantly de- 
creased the release of Asn, Tau, Glu, and Gly. This inhibition 
of amino acid release is consistent with the hypothesis that 
N-terminal metabolites produce opposite effects to those of 
C-terminal metabolites of SP( l-1 1). The decreases in Glu, 
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Asn, Gly, and Tau following SP(l-7) infusion were signifi- 
cantly reduced by i.p. or intradialysate naloxone. Systemic 
naloxone had no significant effects on the SP(5 11 )-induced 
amino acid changes; however, it did inhibit the SP(l-1 l)- 
induced increase in Asp and Glu. lntradialysate naloxone 
had no effect on the SP( l-l 1 )-induced increases. These 
results support the hypothesis that N-terminal fragments of 
SP, generated by SP( l-l 1) metabolism in vivo, may be re- 
sponsible for the naloxone-reversible analgesic effects of 
SP( l-l 1) while the nociceptive actions of SP( l-1 1) may be 
mediated through its C-terminal end. 

Intravenous or intracerebral Substance P [SP( 1 - 1 l)] produces 
both hyperalgesia and, at low doses, a naloxone-sensitive an- 
algesia (Stewart et al., 1976; Frederickson et al., 1978; Oehme 
et al., 1980). It has been hypothesized that these differential 
effects of SP( 1- 11) in the spinal cord are mediated through 2 
distinct receptors, a C-terminal receptor that mediates the no- 
ciceptive actions of SP( 1- 11) and an N-terminal receptor that 
mediates the antinociceptive effects (Stewart et al., 1982). While 
SP( 1- 11) may be the primary ligand for these receptors, C- and 
N-terminal fragments of SP degradation may also act as en- 
dogenous ligands. An enzymatic pathway for the degradation 
of SP( 1- 11) in situ has been shown (Lee et al., 198 1; Nyberg et 
al., 1984). Sakurada and colleagues (1985) have measured SP( l- 
7) and C-terminal fragments in homogenized rat brain and 
spinal cord, and recently, endogenous concentrations of the 
N-terminal fragments SP( l-4), SP( l-7), and SP( l-9) and the 
C-terminal fragments SP(2-11) and SP(5-11) have been mea- 
sured in mouse spinal cords in vitro (Igwe et al., 1988a). While 
an active uptake system for the C-terminal fragment SP(5-11) 
has been demonstrated that would theoretically maintain low 
extracellular concentrations of this metabolite following SP( l- 
11) release, no uptake system has been found for intact SP 
(Nakata et al., 1981). If an uptake system for N-terminal SP 
fragments is also not present, SP( l-7) could accumulate during 
SP( l- 11) release and may be responsible for SP( 1- 11) antino- 
ciception through an interaction with N-terminal receptors. In 
support of this hypothesis, intraperitoneal injection of the N-ter- 
minal metabolite SP( l-7) produces a dose-dependent antino- 
ciception in both the tail flick and hot plate assay that is not 
seen following injection of SP C-terminal fragments (Hall and 
Stewart, 1983; Cridland and Henry, 1988). 

Further evidence for an effect of the accumulation of N-ter- 
minal SP fragments on SP behavior has been shown using the 
biting and scratching behavioral response seen following in- 
trathecal injections of SP( l-l 1) in mice. Intrathecal SP(5-11) 
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produces biting and scratching similar to SP( 1 - 11) while SP( l- 
7) produces a naloxone-reversible inhibition of the behavior 
induced by simultaneous injection of SP( 1- 11) or SP(5- 11) (Igwe 
et al., 1988b). While repeated intrathecal injections of SP( l-l 1) 
result in a naloxone-sensitive desensitization to biting and 
scratching, presumably through an accumulation of N-terminal 
fragments (Larson, 1988) this desensitization is not seen fol- 
lowing repeated injections of SP(5-11) (Igwe et al., 1988b). Re- 
peated injections of SP( l-7), on the other hand, result in desen- 
sitization to the behavior produced by a subsequent injection 
of SP( 1- 11) (Larson and Sun, personal communication, 1989). 
Prevention of N-terminal production through the inhibition of 
SP( l-l 1) degradative enzymes blocks the development of de- 
sensitization to SP( l-l I)-induced behavior (Igwe et al., 1988b). 

While SP( 1 - 11) has been proposed as a primary afferent neu- 
rotransmitter, the slow time course of dorsal horn neuron de- 
polarization following iontophoretic application of SP( 1- 11) and 
the lack of effect on basal pain response following desensitization 
to SP( l-l I)-induced hyperalgesia have prompted some re- 
searchers to suggest that SP( l-l 1) is a modulator of a faster 
neurotransmitter system (Henry, 1976; Sweeney and Sawynok, 
1986). The excitatory amino acids (EAAs) glutamate (Glu) and 
aspartate (Asp) have been suggested to be primary afferent no- 
ciceptive transmitters capable of this fast transmission (Schnei- 
der and Perl, 1985). Evidence exists for an interaction between 
SP( l-l 1) and EAAs at the spinal level: (1) SP(l-1 l)- and Glu- 
like immunoreactivity are colocalized in dorsal root ganglion 
neurons in the rat and monkey (Battaglia and Rustioni, 1988); 
(2) SP( I- 11) causes the release of Glu from hemisected dorsal 
spinal cords in both frogs and newborn rats (Kawagoe et al., 
1985, 1986); and (3) we have shown that either SP(l-11) or 
nociceptive stimulation produces a significant increase in the 
apparent release of Asp and Glu in the dorsal spinal cord of 
awake rats (Skilling et al., 1988; Smullin et al., 1990). 

The goal of the present study was to determine whether the 
enhanced release of EAAs in the spinal cord following SP( 1 - 11) 
is mediated by C- or N-terminal portions of SP( 1- 11). To ac- 
complish this we used in vivo microdialysis of the spinal cord 
of conscious freely moving rats to measure the effect of exog- 
enous application of the N-terminal metabolite SP( l-7) and the 
C-terminal metabolite SP(5- 11) on amino acid concentrations 
in the dorsal spinal cord extracellular fluid as a measure of their 
apparent release. We have previously shown the success of this 
model for measuring changes in amino acid release following 
chemical and nociceptive stimulation (Skilling et al., 1988) and 
following SP( l-1 1) infusion (Smullin et al., 1990). Using the 
sodium channel blocker tetrodotoxin (TTX), we have also dem- 
onstrated the involvement of sodium channels in nociceptive- 
induced Asp release. 

In the present study we have again used TTX to characterize 
the involvement of sodium channels in the SP( 1- 1 1)-induced 
amino acid release. In this paper, we also report neurochemical 
evidence of a unique opposing action of N- and C-terminal SP 
fragments on the release of putative amino acid neurotrans- 
mitters. These results are discussed in terms of a potentially 
important analgesic role for endogenously produced N-terminal 
SP metabolites. 

Materials and Methods 
Microdialysis. Male Sprague-Dawley rats (275-300 gm) were anesthe- 
tized with sodium pentobarbitol(50 mg/kg, i.p., Veterinary Laborato- 
ries, Inc.) and implanted with a microdialysis fiber (200-pm diameter, 

50,000 MW cutoff, Amicon Vitafiber I) through the dorsal spinal cord 
as described previously (Skilling et al., 1988) with one modification. 
Prior to implantation of the cannula, the stylette was removed and one 
end of the cannula was glued with epoxy to an &mm-long, 0.15mm- 
diameter minutien pin (Fine Science Tools). The pin was pushed trans- 
versally through the cord and the cannula pulled into place. The pin 
was then cut off of the cannula before the cannula was connected to PE 
10 tubing. 

Following a 24-hr recovery period, the animals were evaluated for 
any signs of limb paralysis or impaired movement. No impairment was 
observed in any of the animals in this study and all animals appeared 
to behave normally. The dialysis system was attached to a peristaltic 
pump (Gilson Minipuls 3) and perfused with Ringer’s solution (147 mM 
NaCl, 4.0 mM KCl, 2.2 mM CaCl,) at 5-6 @Urnin for 90 min to establish 
a diffusion equilibrium. Samples were collected at 1 0-min intervals in 
polypropylene tubes and maintained at 5°C until analyzed for amino 
acids within 12 hr by high-performance liquid chromatography (HPLC) 
as described by Skilling et al. (1988). Animals were maintained at 22°C 
with 12-hr light/dark cycles and were provided with food and water ad 
libitum. 

Following each experiment, the animals were killed and the cannula 
injected with new methylene blue dye. The spinal cord was then re- 
moved and fixed for gross histological confirmation of cannula place- 
ment. Only animals with cannulas located below lamina I and above 
the central canal were included in this study. In addition, animals were 
not included in this study if evidence of dye leakage into the cerebral 
spinal fluid was present. 

Three samples were collected for determination of basal concentra- 
tions of amino acids. Administration of SP(l-11) (Bachem). SP(l-7) 
(Bachem), or SP(5-11) (Bachem) was made by the addition’of l‘mh 
SP(l-1 l), 1 mM SP( l-7), or 0.5 mM SP(5-11) to the Ringer’s solution 
for 60 min. This concentration of SP( l-l 1) represents the minimum 
effective concentration, while the concentration of SP( l-7) was chosen 
to be equimolar to the SP( l- 11) given. Due to the poor solubility of 1 
mM SP(5-11) in Ringer’s solution, we used a concentration of 0.5 mM. 
In vitro experiments, using known concentrations of peptide standards 
at 37”C, have shown a linear relationship between peptide concentration 
in the standards and recovery of each peptide in the dialysis solution 
as measured by HPLC. Assuming that the diffusion of these peptides 
across the dialysis membrane is approximately equal in both directions, 
the dialysate concentrations of the peptides used would result in an 
estimated maximum diffusion of 1 .O nmol of SP( 1 - 11) and SP( l-7) and 
0.25 nmol of SP(5-11) into the ECF during each IO-min perfusion 
period. Intradialysate naloxone was administered by the addition of 3 1 
mM naloxone (Du Pont Pharmaceuticals) to the dialysate one sample 
prior to and throughout the peptide administration. This concentration 
of naloxone represents the estimated level required to achieve a delivery 
of 1 &min [a dose comparable to that given i.t. in mice in previous 
studies (Larson, 1988)] into the ECF. Systemic naloxone (5 mg/kg) was 
administered intraperitoneally at 30-min intervals beginning 10 min 
before peptide administration. Ten-minute samples were collected 
throughout the course of the experiments described above. 

To examine the role of sodium channels in SP( l- 1 I)-induced Asp 
and Glu release, animals were perfused with Ringer’s solution and 3 
control samples were taken for determination of basal release. SP(l- 
1 l), at a concentration of 1 mM, was then perfused through the animal 
for 20 min followed by Ringer’s solution for 30 min. The animals were 
then perfused with 10 PM TTX for one IO-min period followed again 
by 1 mM SP(I-11) for 20 min and then Ringer’s solution for 30 min. 

For statistical analysis of peptide effects, the data were converted into 
ECF concentration (PM) using in vitro calibration. Calibration was per- 
formed at 37°C by placing dialysis cannulas into vials containing amino 
acid standards in Ringer’s solution. Dialysis recovery of amino acids 
was linear and an appropriate regression equation for each amino acid 
was determined. The mean of the first 3 samples following treatment 
was compared to the mean of the 3 samples prior to treatment using 
paired t-tests. For testing naloxone effects, the data were further trans- 
formed into percent of basal concentration and the means of the first 3 
samples following treatment were analyzed across treatments using anal- 
ysis of variance (ANOVA) with Scheffe’s F-test for comparison of in- 
dividual means. 

For comparison of TTX effects, the data were again converted into 
ECF concentration &M) using in vitro calibration and the maximal re- 
lease occurring during the 20-min SP( l- 11) infusion was compared to 
the maximal release occurring during TTX followed by SP( 1 - 11) using 
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Table 1. Effects of Substance P and metabolites on dorsal spinal cord amino acid release 

Amino acid (percent of basal concentration k SEMY 

Peptide Asp Glu Asn GUY Tau 

Substance P( 1- 11) 141.5 + 4.lb 130.7 + 8.3b 101.0 k 2.7 115.9 + 3.gb 171.3 f 30.6 
+ systemic naloxone 113.0 zk 4.6< 104.8 + 4.2d 88.4 k 3.4 98.2 + 2.9 229.3 f 33.7 
+ intradialysate naloxone 142.9 + 5.4 129.3 + 5.8 110.7 + 9.1 235.8 + 80.3 213.0 f 38.7 

Substance P(5- 11) 182.5 L+Z 20.6b 231.6 + 38.5b 120.2 ? 2.7b 183.5 k 17.2* 360.9 + 81.gb 
+ systemic naloxone 210.5 k 53.4 187.3 -+ 38.1 118.0 * 14.0 158.6 k 19.9 267.0 + 64.1 

Substance P( l-7) 133.2 k 22.8 66.2 + 12.3’ 42.6 k 4.9b 50.9 * 14.7c 31.7 + ll.gb 
+ systemic naloxone 106.2 k 5.7 100.2 + 9.4d 72.9 k 2.gd 121.9 k 24.2d 106.3 + 16.5d 
+ intradialysate naloxone 117.0 k 17.4 132.4 + 20.5d 90.0 k 9.3c 107.3 k 5.4d 156.4 + 22.5c 

u Based on the mean ECF concentration recovered during the first 3 lo-min samples folowing peptide administration as determined by transformation of dialysate 
concentrations using in vitro calibration. 
h Significantly different from basal concentration at p < 0.01 using Student’s paired t-test. 
( Significantly different from peptide effect on concentration in absence of naloxone at p < 0.01 using ANOVA. 
d Significantly different from peptide effect on concentration in absence of naloxone at p < 0.05 using ANOVA. 
p Significantly different from basal concentration at p < 0.05 using Student’s paired t-test. 

paired t-tests. Previous studies with control animals showed no signif- 
icant difference between the response to the first and second challenge 
with SP( 1- 11) in the absence of TTX and no effect of TTX by itself. 

Results 
The mean amounts of amino acids recovered in the first 3 lo- 
min dialysate samples collected following continuous peptide 
infusion were measured and transformed into extracellular con- 
centrations using in vitro calibration of the dialysis cannula. 
These treatment means were subsequently divided by the mean 
extracellular concentration of the 3 lo-min dialysate samples 
collected prior to peptide infusion to obtain the percent of basal 
concentration values + SEM presented in Table 1. 

Infusion of 0.5 mM SP(5-11) via the dialysate significantly 
increased the release of Asp (82%), Glu (132%), asparagine (Asn) 
(2 lo/o), glycine (Gly) (83%), and taurine (Tau) (26 1%) (p < 0.0 1) 
(Table 1). Maximal changes in the release of these amino acids 
occurred during the first 10 min of SP(5-11) infusion and, with 
the exception of Asn, the amino acid release declined over the 
next 50 min, despite continuous peptide infusion (Figs. lB-5B). 
This is in contrast to the maintained elevations in Asp, Glu and 
Tau release seen following continuous SP( 1- 11) infusion (Figs. 
lA-5A). While we have previously reported a transient (less 
than 10 min), caudally directed biting and scratching behavior 
in animals following continuous SP( 1- 11) infusion, this behav- 
ior was not observed in animals following SP(5-11). 

Infusion of 1 mM SP( l-7) not only failed to increase Asp, but 
significantly decreased the release of Asn (57%) and Tau (68%) 
(p < 0.01) and Glu (34%) and Gly (49%) (p < 0.05) (Table 1). 
The release of Asn, Glu, and Gly continued to decrease over 
the entire SP( l-7) infusion period, while the release of Tau 
reached a minimal value at 30 min with partial recovery over 
the next 30 min of peptide infusion (Figs. lC-5C). No readily 
apparent behavioral responses were observed during SP( l-7) 
infusion. 

Systemic i.p. injection of 5 mg/kg of naloxone 10 min prior 
to peptide administration had no effect on the basal release of 
amino acids when given alone and also failed to affect the SP(5- 
1 1)-induced increases in amino acids. Prior treatment with sys- 
temic naloxone did, however, significantly reduce the change in 
Asn, Gly, and Tau @ < 0.05) observed following SP( l-7) (Table 
1). Systemic naloxone also reduced the elevations in Asp (p < 

0.01) and Glu (p < 0.05) release observed following SP( l-l 1) 
(Table 1). Intradialysate infusion of 3 1 mM naloxone alone had 
no effect on amino acid release but did inhibit SP( 1-7)-induced 
changes in Asn and Tau (p < 0.0 1) and Glu and Gly (p < 0.05). 
Intradialysate naloxone had no effect on the SP( 1- 1 1)-induced 
increases (Table 1). 

Pretreatment with 10 PM TTX had no effect on the release of 
Asp or Gly induced by SP( 1- 11) (Table 2). In contrast, the SP( l- 
1 1)-induced release of Glu and Tau was 200% greater following 
pretreatment with TTX (Table 2). Behaviorally, tetrodotoxin 
pretreatment did not alter the intensity or occurrence of caudally 
directed biting and licking seen following SP( 1- 11). The animals 
did, however, appear to be more hyperresponsive to external 
noise than animals receiving SP( 1- 11) alone. 

Discussion 
In this study, the increases in amino acid release in the dorsal 
spinal cord ECF following the C-terminal fragment SP(5-11) 
support the hypothesis that the C-terminal end of the SP( 1- 11) 
molecule is responsible for the amino acid changes seen follow- 
ing SP( 1- 11). The N-terminal fragment SP( l-7), on the other 
hand, produces decreases in amino acid release, supporting the 
hypothesis that N-terminal fragments of SP act as neuromodula- 
tors of spinal transmission working in opposition to SP( 1- 11) 
or its C-terminal peptide fragments. These opposing actions of 
SP fragments on amino acid release may explain the dual action 

Table 2. Effect of TTX on SP(l-11~induced release of Glu and Asp 
(percent of basal concentration t SEMP 

Amino acid SP(l-11) sP(l-111 DhlS TTX 

ASP 299.3 k 54.8 465.0 + 88.6 
Glu 246.1 k 12.6 685.5 t 150.4b 
Asn 119.5 + 7.9 147.5 f 13.3 
GUY 175.1 t 22.0 255.0 + 38.6 
Tau 447.5 + 62.5 1088.4 IL 112.3b 

a Based on the mean ECF concentration recovered during the fust 3 1 0-min samples 
following peptide administration with or without TTX as determined by 
transformation of dialysate concentrations using in vitro calibration. 
h Significantly different from SP( l- 11) effect on concentration in absence of TTX 
at p < 0.025 using paired t-tests. 
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Figure 1. Time course of the changes 2 a- 
in the concentration of Asp following 
infusion, starting at time zero, of (A) 
1.0 mM substance P, (B) 0.5 mM sub- 
stance P(5-1 l), and (C) 1.0 mM sub- 
stance P( l-7) through a 0.2-mm di- 
alysis cannula (Amicon Vitafiber I) 
implanted in the dorsal lumbar spinal 
cord of rats. Animals in group 1 (open i5 
box) received peptide alone. Animals 
in group 2 (closedbox) were given 5 mg/ 3 

kg of naloxone i.p. at 10 min prior to 
m 

peptide infusion and 30 min following 
the first injection. Animals in group 3 5 

(open circle) were given 3 1 mM nalox- 
one via the dialysis cannula beginning E 

10 min prior to and continuing 3 
throughout peptide infusion. Experi- t 
ments were run using conscious ani- n 
mals, 24 hr following implantation of 
the cannula. Ringer’s solution with and 
without peptide was perfused through 
the cannula at 5 pl/min. Samples were 
collected every 10 min and maintained 
at 5°C until analyzed for amino acids 
using HPLC. Concentrations recovered 
in the dialysis samples were converted 
to extracellular fluid concentration us- 
ing in vitro calibration curves. Values 
are expressed as a percent of the basal 
concentration, which was determined 
as the mean extracellular fluid concen- 
tration of the first 3 IO-min samples 
following an initial 60-min perfusion to 
establish dialysis equilibrium. n = 5-6 
animals per group. 
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of SP with respect to pain. In contrast to the hyperalgesic effect 
most frequently associated with SP administration (Hayes and 
Tyers, 1979; Oehme et al., 1980), a delayed analgesic effect 
occurring 1 S-30 min following intraperitoneal or intracere- 
broventricular injection has been reported (Stewart et al., 1976; 
Frederickson et al., 1978; Oehme et al., 1980). One hypothesis 
for the delayed analgesia was that it was due to the release of 
endogenous opiates as the antinociceptive effect was reversed 
by naloxone. An alternate hypothesis proposed that SP(l-11) 
was metabolized to an active N-terminal fragment (Stewart et 
al., 1982; Cridland and Henry, 1988). In support of the latter 
hypothesis, intrathecal injection of SP( l-7) produces antinoci- 
ception with a similar restricted dose range to that seen following 
intrathecal SP( 1 - 1 l), but with a shorter onset of action, as would 

10 20 30 40 50 60 70 60 

Time 

be predicted given that SP( l-7) would not require prior metab- 
olism to an active form (Cridland and Henry, 1988). 

Both the analgesia and the decreases in amino acids observed 
following SP( l-7) were antagonized by naloxone, supporting an 
involvement of opiate receptors in these effects. We have re- 
cently shown that SP( l-7) can directly bind to mu-l opiate 
receptors (Krummins et al., 1989). The decreases in amino acid 
release following SP( l-7), therefore, are likely mediated through 
a mu- 1 receptor and antagonism by naloxone involves displace- 
ment of SP( l-7) from this receptor. Antagonism occurred fol- 
lowing both systemic and intradialysate naloxone application. 
Assuming that the diffusion of naloxone from the dialysis can- 
nula is limited within the spinal region being perfused, these 
results support a spinal site of action. 
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One possible mechanism for the analgesic effect of SP( l-7) is 
inhibition of SP( 1- 11) release. Morphine inhibits the release of 
SP( l- 11) from the spinal cord in response to potassium or me- 
chanical stimulation in vitro and in response to noxious stim- 
ulation in vivo (Yaksh et al., 1980; Hirota et al., 1985; Pang and 
Vasko, 1986). Hirota also observed inhibition of SP( l-l 1) re- 
lease following met-enkephalin but not dynorphin, suggesting 
that a mu or delta opiate receptor is responsible for the morphine 
inhibition. The receptor for this morphine effect may be the 
same mu- 1 receptor that SP( l-7) interacts with in binding stud- 
ies, suggesting that SP( l-7) could act at the same receptor as 
morphine to inhibit SP( 1- 11) release. 

The decrease in the basal release of Glu following SP( l-7) 
may involve presynaptic inhibition of Glu release at primary 

Figure 2. Time course of the changes 
in the concentration of Glu. See Figure 
1 for details. 

afferent terminals and this may also be a mechanism for the 
analgesic effect of SP( l-7). In contrast to Glu, Asp concentra- 
tions were not decreased following SP( l-7). One possible ex- 
planation for the inability to detect an effect of SP( l-7) on Asp 
is that basal concentrations of Asp, which are substantially lower 
than those of Glu, may reflect primarily metabolic rather than 
neuronal release. 

In addition to inhibiting the SP( 1-7)-induced decreases in 
amino acids, naloxone also inhibited the increases in amino 
acids following SP(l-11). This antagonism occurred only fol- 
lowing systemic application of naloxone and not following coin- 
fusion of SP( I- 11) with naloxone, suggesting a supruspinal site 
of action distinct from that which inhibits the SP( l-7) effects. 
The ability of naloxone to inhibit both SP( 1- 11) increases and 
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Asn 

Figure 3. Time course of the changes 
in the concentration of Asn. See Figure 
1 for details. 
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SP( l-7) decreases may explain the observation by Takahasi et 
al. (1987) that low doses of naloxone increase the biting and 
scratching produced by SP( 1 - 1 l), possibly through inhibition of 
SP( l-7) acting at mu- 1 receptors, and high doses of naloxone 
decrease the biting and scratching produced by SP( 1- 1 l), pos- 
sibly through the same supraspinal opiate receptor that inhibits 
SP( l- 1 I)-induced amino acid changes. Systemic naloxone did 
not inhibit the changes in amino acids produced by SP(5-11) 
application. The explanation for this SP(5-11) insensitivity to 
naloxone is not readily apparent but may relate to differences 
in receptor affinity or to differences in efficacy between SP( l- 
11) and SP(5-1 I). It is also possible that naloxone sensitivity 
depends on simultaneous activation of N- and C-terminal SP 
receptors. 

lb 20 30 40 50 60 70 60 

Time 

In contrast to SP( l-7), SP(S-11) produced changes in amino 
acid release qualitatively similar to those seen following either 
formalin injection or SP( 1 - 11) infusion, suggesting that the no- 
ciceptive effect of SP( l- 11) involves activation of C-terminal 
receptors. This is in agreement with previous behavioral studies 
showing that intrathecal administration of C-terminal fragments 
of SP produce a caudally directed biting and scratching response 
that is not observed following injections of N-terminal frag- 
ments (Igwe et al., 1988b). Activation of the C-terminal SP 
receptor appears to be primarily responsible for the excitatory 
effects observed following iontophoretic application of SP( l- 11) 
onto dorsal horn neurons. Iontophoretic application of N-ter- 
minal fragments shows only a weak scratching response com- 
pared to the response seen with SP or C-terminal fragments and 
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in the concentration of Gly. See Figure 
1 for details. 

then only at doses 1000 times greater than the effective dose of 
SP or C-terminal fragments (Piercey et al., 1982). The failure 
of naloxone to alter the C-terminal release of amino acids argues 
against activation of endogenous opiate systems by SP( 1- 11) as 
the mechanism for these changes. 

Opposing actions of N- vs. C-terminal fragments of SP have 
previously been reported in many models (Bar-Shavit et al., 
1980; Mazurek et al., 198 1; Hall and Stewart, 1983, 1984; Gaf- 
fori et al., 1984; Hall et al., 1987a, b; Sakurada et al., 1988). 
The effects of N- and C-terminal fragments, however, are not 
always in opposition. Both N- and C-terminal fragments of SP, 
like SP itself, cause salivation in the rat and induce scratching 
following intracerebral-ventricular injection in mice (Piercey et 
al., 1982). 

Aspartate has been proposed as a neurotransmitter in the CNS 
and recent immunohistochemical evidence suggests that 15% 
of unmyelinated axons in rat dorsal roots contain Asp-like im- 
munoreactivity (Westlund et al., 1989). In our previous studies 
we have shown that release of Asp into the dorsal horn ECF 
following nociceptive stimulation is blocked by TTX, suggesting 
that the opening of voltage gated sodium channels is neccesary 
for this effect. This would be consistent with release of Asp from 
neuronal tissue but does not entirely rule out release from glial 
cells. In contrast to the effects following nociceptive stimulation, 
SP( 1- 1 I)-induced release of Asp was found in the present study 
to be TTX-insensitive. This suggests that if release was of 
neuronal origin, then SP( 1 - 11) must act presynaptically. These 
results are also consistent with the hypothesis that nociceptive- 
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Figure 5. Time course of the changes 
in the concentration of Tau. See Figure 
1 for details. 
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induced release of Asp is mediated by an initial release of SP( l- 
11). Release of Asp by SP( 1- 11) may, however, be distinct from 
nociceptive-induced release, as there are descending fibers and 
interneurons that also contain SP( 1- 11) but have projections to 
presynaptic sites in the spinal cord that may not be activated 
during nociceptive stimulation. Exogenous application of SP( l- 
11) may activate areas innervated by these SP fibers in addition 
to activating nociceptive pathways (Besson and Chaouch, 1987). 
This issue cannot be resolved from the present data. 

We previously found that formalin also significantly increased 
the release of Glu into the dorsal spinal cord; however, there 
was considerable variability in the magnitude of this response. 
This variability was even greater when animals were pretreated 
with TTX. As a result, in the presence of TTX, formalin-stim- 
ulated Glu release was not significantly increased compared to 
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basal concentrations but was also not significantly different from 
formalin-stimulated release in the absence of TTX. Therefore, 
it is not clear whether Glu release in response to formalin is 
sensitive to the blockade of sodium channels, as would be ex- 
pected if release was neuronally mediated. It is also possible, 
however, that the lack of a significant effect of TTX on the 
formalin-induced release of Glu could reflect an inability of our 
model to distinguish between simultaneous metabolic and neu- 
ronal changes in Glu following physiological stimulation or could 
reflect the need to activate fewer sodium channels to initiate 
Glu release as compared to Asp release. 

In distinct contrast to formalin-induced Glu release, SP(l- 
1 1)-induced release of Glu was substantially greater and was 
not only insensitive to TTX, but was enhanced by this pretreat- 
ment. If the release of Glu by SP( 1- 11) is of neuronal origin, 
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then the failure of TTX to block release suggests that the site 
of this SP( 1- 11) effect is presynaptic. Given this, however, we 
would have predicted inhibition of formalin-induced release of 
Glu by TTX. As previously discussed, it is unclear whether this 
occurs. Alternatively, the failure of TTX to block Glu release 
could also support the hypothesis that SP( 1- 1 l)-induced Glu 
release is in part due to inhibition of Glu reuptake or release 
from nonneuronal tissue. The former hypothesis is supported 
by the observation that iontophoretic pretreatment of dorsal 
horn cells with SP( 1- 1 I), followed by a challenge with Glu when 
all SP-evoked activity has ceased, results in a prolonged poten- 
tiation of the effects of Glu (Puil, 198 1). None of these hypoth- 
eses explain the enhanced release of Glu in the presence of TTX, 
but this effect could be due to TTX inhibition of sodium-chan- 
nel-dependent release of other neurotransmitters involved in 
the inhibition of Glu release or enhancement of its uptake. 

We previously reported that, in contrast to nociceptive stim- 
ulation, SP( 1- 11) induces a significant increase in the apparent 
release of the inhibitory amino acids Gly and Tau as well as 
Asp and Glu (Smullin et al., 1990). Release due to tissue damage 
was unlikely as concentrations of these amino acids returned to 
pretreatment levels within 10 min of discontinuation of SP( l- 
11) infusion. In the present study, pretreatment with TTX had 
no effect on the release of Gly, again suggesting either presyn- 
aptic or non-neuronal release. Taurine release, like Glu release, 
was enhanced by TTX, again suggesting a possible loss of neu- 
rotransmitters that either inhibit the release (metabolic or neu- 
ronal) or enhance the uptake of Tau. In the present study, we 
observed an increase in Gly and Tau following SP(5-11) similar 
to that seen following SP( 1- 1 l), confirming the C-terminal in- 
volvement in this SP effect. In contrast, SP( l-7) significantly 
decreased the concentrations of Gly and Tau. 

The potential role of Tau in nociception is unclear. Unlike 
the observed increases in Tau in the spinal cord ECF following 
SP infusion, tissue concentrations of Tau in the hypothalamus 
and lower brain-stem nuclei have been shown to decrease fol- 
lowing acute pain in rats (Palkovits et al., 1986). Tau may be 
involved in inhibition of SP effects as it selectively antagonized 
the biting and scratching induced by intrathecal SP injection 
and inhibited acetic-acid-induced writhing in mice (Smullin et 
al., 1990). The effect of Tau in both paradigms was blocked by 
prior administration of the taurine antagonist 6-aminoethyl-3- 
methyl-4H- 1,2,4-benzothiadiazine- 1,l -dioxide (TAG). In con- 
trast to these analgesic-like effects, Tau alone, at higher doses, 
initiates a writhing behavior similar to that seen following i.p. 
injection of acetic acid (Larson, 1989). 

The role of Gly in nociception is equally ambiguous, as Beyer 
et al. (1985) have reported hyperalgesia to cutaneous stimulation 
and a decrease in vocalization thresholds to tail shock following 
intrathecal injection of both Gly and the Gly antagonist strych- 
nine. In mice, Gly only partially antagonizes SP-induced biting 
and scratching at a dose lo-fold greater than the effective dose 
of Tau (Smullin et al., 1990). One nociceptive role of Gly, how- 
ever, may be related to its ability to potentiate the excitatory 
effects of Glu or Asp at the N-methyl-D-aspartate excitatory 
amino acid receptor subtype (Larson and Beitz, 1988). De- 
creases in Gly following SP( l-7) could result in partial loss of 
this receptor potentiation and account, in part, for the analgesic 
effects of SP( l-7). 

The time course of the amino acid changes following N- and 
C-terminal fragments were substantially different. The contin- 
uous decrease in amino acids following SP(l-7) is consistent 

with a gradual accumulation of the peptide within the extra- 
cellular fluid. An active uptake mechanism for SP(5-11) has 
been reported and activation of this system may be in part 
responsible for the reduction in the effects of SP(5-11) observed 
following the initial response (Nakata et al., 1981). While at- 
tenuation of the SP(5-11) effect on amino acids could also be 
due to either depletion of the neurotransmitter pool or inacti- 
vation or internalization of NK-1 receptors, this explanation 
seems unlikely as no attenuation was seen following continuous 
SP infusion. 

In conclusion, N- and C-terminal metabolites of SP produce 
opposite effects on the apparent release of both excitatory and 
inhibitory amino acids from the dorsal spinal cord of rats. The 
C-terminal SP fragment, like SP itself, increases the apparent 
release of amino acids in a pattern similar to that following 
noxious stimulation and may therefore play a role in nocicep- 
tion. In contrast, the N-terminal SP fragment produces a nalox- 
one-sensitive decrease in amino acid release, supporting an in- 
teraction between N-terminal SP metabolites, mu- 1 opiate 
receptors, and SP-induced analgesia. These N-terminal-induced 
decreases may also play a role in desensitization to SP-induced 
motor activity in the spinal cord. In addition, studies with TTX 
support the hypothesis that nociception-induced Asp but not 
Glu release may be mediated by an initial release of SP( 1- 11). 
The enhanced release of Glu and Tau by SP( 1- 11) in the presence 
of TTX suggests modulation of their release by other neuro- 
transmitters. 
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